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Carangelo, R. M. and Solomon, P. R. 
Advanced Fuel  Research, Inc., 87 Church S t r e e t ,  E. Hartford, CT 06108 

and Gerson. D.J., IBn Instrument, Danbury. CT 06810 

For the  c h a r a c t e r i z a t i o n  of f o s s i l  fuels .  thermal ana lys i s  methods have proven t o  be a 
usefu l  technique f o r  probing the  organic  and mineral  composition of these typ ica l ly  
insoluble  mater ia ls .  I n  thermal  ana lys i s ,  t h e  sample is taken through a temperature 
excursion and its weight l o s s  or evolved products are monitored. Examples include: 
t h e  use  of t h e r m o g r a v i m e t r i c  a n a l y s i s  (TGA) f o r  performing coa l  proximate ana lys i s  
(1); p y r o l y s i s  w i t h  d e t e c t i o n  of  t o t a l  hydrocarbons  f o r  pe t ro leum s o u r c e  rock  
e v a l u a t i o n  (2 .3 )  and p y r o l y s i s  w i t h  t r a p p i n g  of evolved  p r o d u c t s  f o r  a n a l y s i s  by GC 
f o r  source rocks and sediments (4-7). 

This paper descr ibes  a new instrument  which couples thermogravimetric ana lys i s  (TGA) 
w i t h  evolved gas a n a l y s i s  (EGA) performed wi th  a Fourier  Transform Inf rared  (FT-IR) 
s p e c t r o m e t e r .  A u n i q u e  f e a t u r e  of  t h e  s y s t e m  is i t s  a b i l i t y  t o  provide  cont inuous  
m o n i t o r i n g  of t h e  i n f r a r e d  s p e c t r a  of e v o l v i n g  l i q u i d s  a s  w e l l  a s  q u a n t i t a t i v e  
a n a l y s i s  of gases  during pyrolysis  or other  react ions.  The complementary TGA/EGA da ta  
provide a weal th  of information regarding composition, s t r u c t u r e ,  and k i n e t i c s  for  
hydrocarbons. This technique o f f e r s  advantages compared t o  GC in speed, and compared 
to  GC and HS i n  a b i l i t y  to  i d e n t i f y  heavy t a r r y  mater ia ls .  FT-IR s t u d i e s  of chars and 
tars a t  var ious s t a g e s  of pyro lys i s  by KBr p e l l e t s  help complete the  s t o r y  by showing 
what func t iona l  groups i n  t h e  sample a r e  a c t u a l l y  changing  when s p e c i f i c  p y r o l y s i s  
products are released.  While the  instrument  t y p i c a l l y  provides slower sample heat ing 
than IE encountered i n  p r a c t i c a l  coa l  conversion processes, the  u s e  of slow heating i n  
p y r o l y s i s  e x p e r i m e n t s  p r o v i d e s  d a t a  on i n d i v i d u a l  r e a c t i o n s  which o f t e n  cannot  be 
d i s t i n g u i s h e d  in f l a s h  p y r o l y s i s  because  t h e y  o c c u r  s i m u l t a n e o u s l y .  Slow h e a t i n g  
c o n d i t i o n s  o f t e n  r e s o l v e  such  r e a c t i o n s  i n t o  s e p a r a t e  g a s  e v o l u t i o n  peaks. These 
peaks provide low temperature  da ta  f o r  gas evolut ion kinet ics .  

This  apparatus has  been used t o  analyze coal ,  char, t a r ,  l ign ins .  wood, polymers, o i l  
s h a l e  and s o u r c e  rock. The t e c h n i q u e  h a s  been u s e f u l  i n  e l u c i d a t i n g  t h e  s o u r c e  and 
k i n e t i c s  of many of the  pyro lys i s  products of t h e  above hydrocarbons. The technique 
w i l l  be discussed and examples presented for severa l  mater ia ls .  

- 

- 
The a p p a r a t u s .  i l l u s t r a t e d  in Fig.  1, c o n s i s t s  o f  a sample  suspended from a ba lance  
( H e t t l e r ,  model AE160) i n  a gas s t ream wi th in  a furnace. As the  sample is heated, the  
e v o l v i n g  t a rs  and  g a s e s  a r e  c a r r i e d  o u t  of  t h e  f u r n a c e  d i r e c t l y  i n t o  a gas  c e l l  f o r  
a n a l y s i s  by FT-IR (IBM Instruments ,  model I R  85). The FT-IR can obta in  spectra  every 
0.2 s e c  to  q u a n t i t a t i v e l y  d e t e r m i n e  t h e  e v o l u t i o n  r a t e  and c o m p o s i t i o n  of most 
p y r o l y e i s  products .  The sys tem a l l o w s  t h e  sample  t o  be  h e a t e d  in a g a s  f low of 
a r b i t r a r y  composition on a preprogrammed temperature  p r o f i l e  a t  r a t e s  between 3'C/min 
and  100°C/sec up t o  a t e m p e r a t u r e  between 20°C and 1000°C and h e l d  f o r  a s p e c i f i e d  
t i m e .  The system continuously monitors t h e  time dependent evolut ion of: i) the  gases 
( i n c l u d i n g  s p e c i f i c  i d e n t i f i c a t i o n  of t h e  i n d i v i d u a l  s p e c i e s  s u c h  a s ,  CO, COg,H20, 
CH4, CZH6, C2H4. CZHZ.  C 3 H 8 ,  benzene,  heavy p a r a f f i n s ,  heavy o l e f i n s .  HCN, H C 1 ,  NH3, 
S02. CSz, COS. CHJOH, CH3COOH and CH3COCH3; i i )  tar amount and inf ra red  spectrum with 
i d e n t i f i a b l e  bands from the  func t iona l  groups); and i i i )  weight of the  non- v o l a t i l e  
m a t e r i a l  (char  plus  mineral  components). An analys is  of C, 8, and S in the residue a t  
t h e  end of t h e  e x p e r i m e n t  c a n  be o b t a i n e d  by i n t r o d u c i n g  oxygen t o  burn t h e  r e s i d u e  
and measuring the  combustion products. 

152 



114 ACSlNY 1986 

APPLICATIONS 

C o a l  P y r o l y s i S  - We c o n s i d e r  f i r s t  t h e  u s e  of  t h e  TGA/EGA t o  f o l l o w  t h e  pyrOlYsiS 
chemistry of coal. Figure 2 presents  a s e r i e s  of spec t ra  obtained during p y r o l y s i s  a t  
0.5'C/sec. The s p e c t r a  show a b s o r p t i o n  bands f o r  CO. C O z ,  CH4, H 2 0 .  SOg, C O S ,  and 
C2H4. The s p e c t r a  
a l s o  show a l i p h a t i c ,  a r o m a t i c .  hydroxyl  and e t h e r  bands from t a r ,  which form a n  
aerosol. Figure 3 shows spectra  during t a r  evolut ion which i d e n t i f i e s  these  bands. 
The h i g h e r  a r o m a t i c  c o n t e n t  of  t h e  h i g h e r  rank  c o a l s  i s  e v i d e n t .  A t  t h e  end of t h e  
run the  temperature was reduced t o  700% and oxygen w a s  added t o  the  flow t o  combust 
the  remaining char. 

In tegra t ions  over s p e c i f i c  regions of the spec t ra  provide the concentrat ions of each 
s p e c i e s  a s  a f u n c t i o n  of t ime a s  shown i n  Fig. 4. E v o l u t i o n  c u r v e s  a r e  shown f o r  8 
species. The t a r  weight i s  determined from i t s  concentrat ion of a l i p h a t i c ,  a romat ic  
and e t h e r  f u n c t i o n a l g r o u p s .  In a d d i t i o n ,  t h e  a b s o r p t i v i t i e s  of  e a c h  s p e c i e s  have  
been c a l i b r a t e d  t o  p r o v i d e  t h e  weight  l o s s  f o r  e a c h  s p e c i e s ,  which i s  a l s o  p l o t t e d .  
The ind iv idua l  cons t i tuents  can be summed and compared wi th  the char  weight loss, a s  
shown in Fig. 4. The d i r e c t l y  measured weight l o s s  i s  very c lose  t o  tha t  determined 
from the  ind iv idua l  species. The f i n a l  evolut ion of H20, COz, and SO2 determines the  
C. H and S composition of the char. 

For coa l ,  t h e  r e l a t i v e  pyrolysis  k i n e t i c s  can be determined from the  pos i t ion  of t h e  
peaks (8-11). Figure 5 compares the t a r  evolut ion peaks f o r  coa ls  of increas ing  rank. 
There i s  a systematic  s h i f t  from l i g n i t e s  (lower temperature peaks. higher  r a t e s )  t o  
bituminous coals  (higher temperature peaks, lower ra tes) .  The pyro lys i s  k i n e t i c s  can 
be cor re la ted  wi th  the  coals '  i g n i t i o n  propert ies .  

The r e a c t i v i t i e s  of t h e  coa l  char  can a l s o  be s tudied by dropping the  temperature  a t  
t h e  end of pyrolysis  from 900°C t o  a lower temperature (eg. 300 - 45OOC) and measuring 
the  weight loss r a t e  when oxygen i s  added. 

S u l f u r  Forms - Because of the  problems of ac id  r a i n ,  the  determinat ion of s u l f u r  
f o r m s  (e.& p y r i t e ,  ca lc ium s u l f a t e .  t h i o l s ,  t h i o p h e n e s ,  e t c )  i s  i m p o r t a n t  i n  
evaluat ing energy resources. Methods employing reduct ive  (12.13) and oxida t ive  (14) 
pyrolysis  at a programmed heat ing r a t e  have been employed. These methods a r e  based on 
t h e  concept  t h a t  t h e  d i f f e r e n c e s  in r e a c t i v i t y  of  e a c h  s u l f u r  form w i l l  r e s u l t  i n  
separa te  evolut ion peaks. Using the TGAIEGA, the  determinat ion of s u l f u r  spec ies  can 
be made by f o l l o w i n g  t h e  e v o l u t i o n  of SO2, COS, CS2 and H2S. T h i s  method o f  
d e t e r m i n i n g  s u l f u r  s p e c i e s  i s  an improvement  of t h e  r e d u c t i v e  p y r o l y s i s  method 
proposed by At ta r  (12,13) because of t h e  addi t ion  of COS, CS2 and SO2 species. F igure  
6 presents  the SO2 evolut ion curves from severa l  coals. The p r o f i l e s  a r e  reproducib le  
f o r  repeat  analyses. They show peak evolut ion p r o f i l e s  ind ica t ive  of separa te  spec ies  
as t h e i r  source.  Some peaks a p p e a r  i n  a l l  s a m p l e s  (e.& t h e  peak a t  300°C). The 
Kentucky c o a l  which has  t h e  h i g h e s t  p y r i t e  c o n t e n t  has  a l a r g e  peak a t  a b o u t  500°C. 
Also, i t  i s  i n t e r e s t i n g  t h a t  w h i l e  t h e  h i g h  rank  c o a l s  r e t a i n  much of t h e  s u l f u r  i n  
t h e  c h a r  (which i s  r e l e a s e d  a s  SO2 d u r i n g  t h e  combust ion  c y c 1 e ) t h e  l i g n i t e  r e t a i n s  
v e r y  l i t t l e .  The a d d i t i o n  of oxygen t o  t h e  v o l a t i l e s  shows a d d i t i o n a l  s u l f u r  
e v o l u t i o n .  These S O 2  e v o l u t i o n  c u r v e s ,  t o g e t h e r  w i t h  t h o s e  of COS and CSz must  be  
ana lyzed  t o  d e t e r m i n e  whether  a r e l a t i o n  t o  s p e c i f i c  s u l f u r  f o r m s  can  be  o b t a i n e d .  
S u l f u r  i d e n t i f i c a t i o n  could  a l s o  be made under  o x i d i z i n g  c o n d i t i o n s  a s  i n  t h e  
oxida t ive  thermal ana lys i s  method discussed by LaCount (14). 

Sources  for Evolved P r o d u c t s  - An e x c e l l e n t  way of s t u d y i n g  t h e  c h e m i s t r y  o f  
hydrocarbon pyrolysis  i s  t o  combine ana lys i s  of the evolved products wi th  an a n a l y s i s  
of t h e  source of the evolved products. Figure 7 presents  a series of i n f r a r e d  s p e c t r a  
of chars  obtained by stopping the  pyro lys i s  a t  in te rmedia te  temperatures. The l o s s  of 

I n  o t h e r  samples ,  bands f o r  H C 1 ,  NH3, and HCN c a n  be i d e n t i f i e d .  

I 
I 
I 
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f u n c t i o n a l  groups  in t h e  c h a r  can  be c o r r e l a t e d  w i t h  t h e  appearance  of t h e  evolved  
products .  For  example.  t h e  l o s s  of a l i p h a t i c  C-R ( p l o t t e d  as s o l i d  c i r c l e s )  is 
c l e a r l y  c o r r e l a t e d  w i t h  t h e  appearance  of t h e  t a r  as shown i n  Fig. 4a. S i m i l a r  
c o r r e l a t i o n s  can be made between methyl group l o s s  and methane evolut ion,  and e t h e r  
group l o s s  and carbon monoxide evolution. 

An e x t e n s i o n  o f  t h e  method i s  t o  employ l a b e l e d  f u n c t i o n a l  groups in t h e  o r g a n i c  
mater ia l .  As an example, w e  consider  perdeutero-methylated coa l  (15). The coal  was 
c h e m i c a l l y  a l t e r e d  by s u b s t i t u t i n g  CD3 groups  f o r  H on a l l  h y d r o x y l a n d  c a r b o x y l  
g r o u p s  in t h e  coa l .  The d e c o m p o s i t i o n  of  t h e s e  groups  is s t u d i e d  by f o l l o w i n g  t h e  
a p p e a r a n c e  of d e u t e r a t e d  compounds in t h e  p y r o l y s i s  products .  In t h e  i n f r a r e d  
spec t ra ,  t h e  deutera ted  compounds a re  s h i f t e d  wi th  respect  t o  t h e i r  hydrogen analogs. 
F igure  8 presents  t h e  evolut ion of CD3H which occurred j u s t  below 450%. To study the 
s o u r c e  f o r  t h i s  p r o d u c t ,  c h a r s  were p r e p a r e d  by h e a t i n g  t o  300, 400, 500 and 600% 
The i n t e n s i t y  of  t h e  CD3 g r o u p s  i n  t h e  c h a r  a r e  a l s o  p l o t t e d  ( s o l i d  c i r c l e s )  on Fig. 
8 .  and it  is c l e a r  t h a t  t h e  loss of CD3 g roups  in t h e  c h a r  matches t h e  appearance  of 
CD3H i n  the  gas. 

The chemistry learned  from t h i s  set of experiments is most re levant  t o  very low rank 
c o a l s  and l i g n i n s  which have  methoxyl  groups. P y r o l y s i s  e x p e r i m e n t s ,  a t  a h e a t i n g  
r a t e  of  30°C/min. w e r e  per formed on s e v e r a l  s a m p l e s  i n c l u d i n g :  a)  a l i g n i n ,  b) a 
c o a l ,  c )  a m e t h y l a t e d  c o a l ,  d )  t h e  p e r d e u t e r o - m e t h y l a t e d  c o a l ,  e) a polymer w i t h  
methoxyl groups and f )  the same polymer wi th  methyl groups. Where methoxyl groups a r e  
present  (a,c,d,e, and f )  t h e r e  is a methane peak a t  a cons is ten t  temperature of 450'C. 
independent of the  o t h e r  reac t ions ,  such as t a r  formation. In the  absence of methoxyl 
g r o u p s ,  methane  e v o l u t i o n  s t a r t s  c o i n c i d e n t  w i t h  t a r  f o r m a t i o n  o r  a t  500°C. The 
i n t e r p r e t a t i o n  is t h a t  t h e  methoxyl  groups  decay  v i a  h o m o l y t i c  c l e a v a g e  of t h e  
r e l a t i v e l y  weak 0-C bond t o  form methyl  groups  which a b s t r a c t  hydrogen t o  form 
methane. I n  t h e  absence of methoxyl groups, i n i t i a l  methane evolut ion comes from a 
s u b s t i t u t i o n  r e a c t i o n  i n  which H rad ica ls ,  bel ieved t o  be formed during t a r  evolution, 
r e p l a c e  t h e  methyl  groups.  In t h e  absence  of H r a d i c a l s ,  methane e v o l u t i o n  above 
500% comes from homolytic cleavage of methyl groups. 

O i l  Shale - To provide a survey of the y i e l d s  from reac t ions  occurr ing i n  oil 
as a func t ion  of temperature ,  TGA/EGA analyses  were performed on samples of shale  a t  a 
h e a t i n g  r a t e  of  30°C/min f rom 0 t o  900°C a t  1 atmosphere.  F i g u r e  9 a  p r e s e n t s  t h e  
weight loss as  a func t ion  of temperature f o r  a 350 mg sample of an I s r a e l i  o i l  shale. 
F igures  9c-91 present  the evolu t ion  r a t e  ( i n  a r b i t r a r y  sample uni t s )  as a funct ion of 
t e m p e r a t u r e  f o r  t h e  major  evolved  s p e c i e s ;  oil, COS, SOz,  methane, e t h y l e n e ,  C 0 2 ,  
water. and CO. The ind iv idua l  cont r ibu t ions  t o  the  weight loss a r e  a l s o  presented on 
each figure. The sum of these  cont r ibu t ions  is presented in Fig. 9b. 

The weight l o s s  (Figs. 9a and 9b) occurs over t h r e e  regions. The f i r s t ,  below 150°C, 
is due to  the  l o s s  of moisture. Between 300 and 60OoC the  main source of weight loss 
is from oil evolution. There i s  a l s o  a s i g n i f i c a n t  cont r ibu t ion  from COz and minor 
c o n t r i b u t i o n s  from CO, 820. hydrocarbon gases, and s u l f u r  species. It is i n t e r e s t i n g  
t h a t  COS and  SO2 e v o l u t i o n s  p r e c e d e  t h a t  o f  t h e  o i l .  Weight l o s s  above 700OC is due 
t o  c a r b o n a t e  d e c o m p o s i t i o n  t o  produce COz and some CO. The main source  o f  t h e  h i g h  
temperature  COz is t h e  ca lc i te .  

An i m p o r t a n t  f e a t u r e  of this a n a l y s i s  is t h e  a b i l i t y  t o  d e t e r m i n e  t h e  i n f r a r e d  
s p e c t r u m  f o r  e v o l v e d  oil. F i g u r e  10  compares  t h e  o i l  spec t rum of  a n  e a s t e r n  and a 
Colorado  o i l  s h a l e .  As c a n  be seen ,  t h e  E a s t e r n  s h a l e  oil h a s  a h i g h e r  l e v e l  of 
a r o m a t i c  components. T h i s  i s  in agreement  w i t h  t h e  o b s e r v a t i o n  t h a t  t h e  o r g a n i c  
material i n  t h e  Eas te rn  s h a l e s  are more aromatic. 

Methylated c o a l s  a l s o  produce methanol a t  low temperatures. 

shale  
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Information can a l s o  be obtained on the  temperature, Tmax of t h e  o i l  peak (S2 peak). 
Figure 11 compares a Colorado and an I s r a e l i  o i l  shale. Tmax f o r  t h e  I s r a e l i  s h a l e  
a p p e a r s  t o  be about  20°C lower  than  Tmax f o r  t h e  Colorado  oil sha le .  T h i s  i s  
consis tent  wi th  the observat ion tha t  the  I s r a e l i  o i l  s h a l e  is more prone t o  cracking 
under p y r o l y s i s  (16). 

O i l  Source Rock - The objec t ive  in petroleum source rock evaluat ion is t o  determine 
the petroleum generat ion p o t e n t i a l  of the sample and its r e l a t i o n s h i p  t o  neighboring 
samples. ( the height o r  area under t h e  
f i r s t  o i l  e v o l u t i o n  peak) ,  S 2  ( t h e  h e i g h t  o r  a r e a  under  t h e  second o i l  e v o l u t i o n  
peak) and Tmax ( the  temperature of the  maximum of the second peak). We employed t h e  
TCA/EGA a n a l y s i s  of the a l i p h a t i c  peak t o  determine the  evolu t ion  r a t e  and in tegra ted  
weight  loss f o r  s e v e r a l  samples  of s o u r c e  rock. Examples of t h e  e v o l u t i o n  of t h e  
a l i p h a t i c  components f o r  severa l  source rock samples are presented in Fig. 14. The 
f i g u r e  shows t h e  e v o l u t i o n  r a t e  and t h e  i n t e g r a t e d  w e i g h t  l o s s .  A compar ison  of 
r e s u l t s  of the  TGA/EGA with r e s u l t s  obtained a t  Woods Hole Oceanographic I n s t i t u t e  
(17) a r e  presented i n  Table I. 

Current methods determine t h e  parameters S1, 

W L E  I 

SAMPLE s1 52 
Ueight X Ueight X 

S. Meade .007 .070 
2930-2960 .015 .055 

S.  Meade .009 .040 
6100 .040 .040 

Ikpikpuk -010 1.0 
790 .010 4.0 

I cw 
490 Pyroprobe (WHOI) 
470 TGA/EGA ( A F R )  

540 Pyroprobe (WHOI) 
505 TGA/EGA (AFR) 

500 Pyroprobe (WHOI) 
450 TCA/EGA (AFR) 

The values a r e  i n  q u a l i t a t i v e  agreement. The TGA/EGA y i e l d s  a r e ,  however, t y p i c a l l y  
higher. This  may be reasonable in view of the poss ib le  l o s s e s  of some heavy spec ies  
i n  t h e  pyroprobe sample t r a n s f e r  l ines .  

s m - f  

For coal ,  the  TCA/EGA is capable of providing a proximate analysis .  In  addi t ion.  t h e  
a n a l y s i s  p r o v i d e s  not  on ly  t h e  t o t a l  v o l a t i l e  m a t e r i a l ,  b u t  a l s o  t h e  i n d i v i d u a l  
v o l a t i l e  species. The r e l a t i v e  amounts of oxygen and hydrocarbon spec ies  provide a 
good measure of rank and the concentrat ion of func t iona l  groups. The evolut ion of 
s u l f u r  s p e c i e s  provide  d a t a  on t h e  s u l f u r  forms. I g n i t i o n  and c h a r  r e a c t i v i t y  
i n f o r m a t i o n  can a l s o  be obta ined .  The changes i n  t h e  c o a l  f u n c t i o n a l  group 
composi t ion  d u r i n g  p y r o l y s i s  a s  de te rmined  by FT-IR a r e  w e l l  c o r r e l a t e d  w i t h  t h e  
evolved products ( a l s o  determined by FT-IR). Analysis of o i l  s h a l e s  and source rocks 
a l s o  p r o v i d e s  u s e f u l  d a t a  on t h e  o r g a n i c  s t r u c t u r e ,  y i e l d  and r e a c t i v i t y  of t h e s e  
mater ia ls .  
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Figure 1. Schematic  of TGAIU;A* F i g u r e  3. Spectra of Evolved Products  
Showing Tar Absorp t ion  Bands During 
P y r o l y s i s  of Two Bituminous Coals and 
a L i g n i t e .  
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Figure 2. Spectra from IVA/EGA. 
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Figure 4,. 'Zhermogravirnetric/Evolved Gas Analysis (TGA/EGA) of Zap 
L i g n i t e .  
from Indiv idual  Cas Species.  and i) Measured Weight Loss and 
Weight Loss from Individual Cas Species .  

a-h) Evolution Rate (in arbitrary u n i t s )  and Weight LOSS 
Sum Of 

Heating Rate = 3 0 ° C / m i n  
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Figure 5. Paraffin Evolutions from Three 
Coals and a Lignite. T Varies with 
Coal Rank Heating Ra?tX- 30°C/min. 

Figure 7. FT-IR Spectra of Chars at 
Successive Stages of Pyrolysis for ZAP 
North Dakota Lignite. 
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Figure 6. 
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Figure 9 .  
I s r a e l i  Oil Shale.  
from Individual Gases. 
Individual Gas Species.  

Thermogravimetrlc/Evolved Gas Analysis (TGA/EGA) of 
a)  Measured Weight Loss, b) Sum of Weight Loss 

c - i )  Evolution Rate and Weight Loss from 
Heating Rate = 30°C/min. 
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